Heterogeneity in the Athabasca oil sands can impede the growth of SAGD steam chambers. Here, we show how controlled-source electromagnetic (EM) methods can be used to detect growth-impeded regions and monitor changes in steam chamber growth. Our achievements are two-fold. We first generate a background resistivity model based on well logging at a field site in the Athabasca oil sands and then estimate the resistivity of the steam chambers using an empirical formulation that incorporates the effects of temperature on the surrounding rocks. Using the resulting 3D model, electromagnetic responses for any EM survey can be computed. The second, and more important, achievement illustrates that imaging SAGD chambers, as they grow in time, may be possible with cost-effective surveys. Our example uses a single transmitter loop with receivers in observation wells. In the wells, only the vertical component of the electric field is measured. Even with this limited data set, the images obtained through 3D cascaded time-lapse inversion identifies the location and extent of an impeded steam chamber. The proposed EM survey acquisition time and processing should be relatively fast and costeffective, and are expected to yield sufficient information to help make informed decisions regarding SAGD operations.
INTRODUCTION
Steam Assisted Gravity Drainage (SAGD) is an in-situ recovery process used to extract bitumen from the Athabasca oil sands in northeast Alberta. In SAGD, two horizontal wells are drilled at the bottom of the reservoir (Dembicki, 2001) . Steam is injected into the top well and produces a steam chamber that grows upwards and outwards. At the edge of the chamber, the heated, fluid oil and condensed water flow through the formation and are collected by the underlying horizontal production well. The chamber expands further into the bitumen reservoir as the oil drains (Butler, 1994) .
The success of this technique is dependent upon steam propagation throughout the bitumen reservoir. However, reservoir heterogeneity, such as clay beds and mudstone laminations, can cause low-permeability zones that can impact the growth of the steam chambers (Strobl et al., 2013; Zhang et al., 2007) . This affects the amount of produced oil and exemplifies the importance of monitoring the steam chamber growth. Successful monitoring can aid in optimizing production efforts by increasing understanding of the reservoir, decreasing the steam-to-oil ratio, locating missed pay, identifying thief zones, and more efficiently using resources (Singhai and Card, 1988) .
Because the electrical conductivity of a lithologic unit is affected by steaming, electric and electromagnetic methods are promising tools to detect and image SAGD steam chambers. Additionally, these types of surveys can be much more cost- effective than seismic methods (Engelmark, 2007; Unsworth, 2005) . Electric and electromagnetic surveys can also be readily installed as permanent installations. Tøndel et al. (2014) used a permanent electrical resistivity tomography (ERT) installation in the Athabasca oil sands to monitor SAGD steam chamber growth over time. From their study, electrodes can stand up to the high-temperature environment in boreholes surrounding the steam chambers while geophones can break down over time. Devriese and Oldenburg (2015) showed how the method can be extended to frequency-and time-domain EM. Permanent installations can also provide multiple data sets per year, without being limited by access to the area in wintertime only.
In this paper, we investigate the use of controlled-source EM to recover multiple steam chambers in a well pad at different time-steps. The growth of one of the chambers has been impeded by heterogeneous blockages in the reservoir. A 1D resistivity model is built based on resistivity well logging at a field site in the Athabasca oil sands. We use EM to detect the resistivity changes due to SAGD and recover the chambers using time-lapse 3D inversion.
FIELD SITE
The Aspen property is owned by Imperial Oil and is the future site of several SAGD well pads. The project area lies about 45 km northeast of Fort McMurray and 25 km southeast of Fort . Since many of these are publicly available, we use eight vertical wells that contain resistivity logging and lithology picks for this research (Wynne et al., 1994) . Figure 1(b) shows the location of these eight wells along with the other wells within the property.
1D RESISTIVITY MODEL
We first gather the resistivity log data from the eight wells shown in Figure 1 (b) . Based on the lithology, horizons are added for the tops of the overlying Quaternary units, the Grand Rapids Formation, the Clearwater Formation (including the Wabiskaw Member), the McMurray Formation, and the underlying Devonian units (Wynne et al., 1994; Imperial Oil Resources Ventures Limited, 2013) . The lithology picks, stratigraphic column, and resistivity log data are shown in Figure 2 . For each lithologic unit, the resistivity logging data are averaged to generate a semi-synthetic one-dimensional resistivity model for the Aspen property. The 1D model is overlain on the resistivity logging data in Figure 2 (c).
WAXMAN-SMITS EQUATION
Resistivity can be estimated reasonably well using empirical formulations. The most well-known is Archie's law, which is an empirical formulation for the resistivity of clean sands:
where ρ is the resistivity, σ is the conductivity, φ is the porosity, m is the cementation exponent, s is the water saturation, n is the saturation exponent, σ w is the water conductivity, and γ is the tortuosity. Note that resistivity is inversely proportional to conductivity.
However, Archie's law does not adequately represent the conductivity changes due to steaming in oil-rich sands (Mansure et al., 1993) . Formulations such as the Waxman-Smits equation and the dual-water model are superior because they incorporate the behavior of clays and the bound-water interactions, respectively. Given the available data, we use the WaxmanSmits equation to model the conductivity changes due to SAGD in the Athabasca oil sands. The Waxman-Smits equation (Waxman and Smits, 1968; Waxman and Thomas, 1974; Mansure et al., 1993 ) is written as following:
where B is the specific counter-ion conductance and Q v is the cation exchange capacity. The water conductivity σ w = c(T + 21.5) is dependent on salinity c and temperature T . The shaleysand formation factor F * is expressed as
The specific counter-ion conductance B can be further written as
Additionally, the cation exchange capacity is written as
where V cl is the percentage of clay, C is the cation exchange coefficient, and δ is the density.
At the Aspen property, the oil saturation is approximately 80% for the McMurray Formation with an average porosity of 33% (Imperial Oil Resources Ventures Limited, 2013) . Density is reported as 2.65 g/cm 3 , the cementation exponent m as 1.8, and the saturation exponent n as 1.7. The background temperature at the Aspen property is 7 • C. We used a tortuosity value of 1.63 (Bell et al., 2011 
MODELING STEAM CHAMBERS
We adapt the formulation by Reis (1992) to generate a series of steam chambers:
where W s is the half-width of the steam chamber, H is the vertical distance between the top of the steam chamber and the producing well, a = 0.4 is a dimensionless temperature coefficient, and t = 0.25 is a dimensionless time since production started. This example uses three chambers with a height of 35 m. Each chamber is 400 m in length and is separated by 100 m at the base.
In SAGD processes, we expect that the temperature, salinity, and saturation will change due to steaming. We assume that the changes due to salinity and saturation are limited to the extents of the steam chamber. For this investigation, salinity and saturation are kept constant over time. Temperature will radiate outwards from the steam chamber and thus alter the conductivity of the surrounding geology. We use the temperature distribution described by Reis (1992) and formulate it as a function of radial distance d from the steam chamber:
where T 0 is the initial reservoir temperature, T s is the steam temperature, U is the steam front velocity, and α is the temperature diffusivity. The constant a = 0.4 is the same as in Equation 6. For this problem, the temperature diffusivity is 0.0507 m 2 /day, the steam front velocity is 0.0417 m/day, and the steam temperature is 200 • C. Figure 3(a) shows the temperature distribution within the reservoir for the three synthetic steam chambers.
Given the initial resistivity values (Figure 2) , we now calculate the resultant resistivity due to the change in temperature using Equations 2-5. Instead of a constant initial temperature, the 3D temperature distribution calculated in Equation 7 is used. The calculated resistivity within the steam chambers is 16 Ωm, which then diffuses back to the background value away from the chambers. A cross-section of the 3D resistivity model is shown in Figure 3 
EM SURVEY AND INVERSION RESULTS
Many EM surveys are possible. Inductive or galvanic transmitters can be used on the surface or in boreholes. Receivers can measure three components of electric and/or magnetic fields and they can also be on the surface or in boreholes. Finally, the exciting currents in the transmitter can be at particular frequencies or have an arbitrary time-varying waveform. The ability to detect and resolve resistivity structure depends upon the details of the survey and invariably, more transmitters and receivers located closer to the steam chambers will provide higher-quality information (Devriese and Oldenburg, 2014) . Here, we aim to illustrate the potential of using a logisticallysimple and cost-effective EM survey. Devriese and Oldenburg (2015) showed that it is possible to excite a steam chamber with a large surface loop carrying harmonic waveforms at different frequencies. Here, we restrict receiver locations to the observation wells that are routinely drilled. The data are the vertical components of the electric field which are measured by installing electrodes down the well. Receivers are placed in 11 observation wells and spaced every 20 m, except in the bitumen reservoir where there are receivers every 5 m. Three frequencies were chosen based on skindepth D ≈ 500 ρ/ f , where ρ is the average resistivity of the layers above the McMurray Formation and f is the frequency. Based on this, we chose frequencies of 10, 50, and 100 Hz.
We add 2% Gaussian noise to the forward modeled EM data and assign uncertainties using a percentage of the data and a noise floor. The steam chambers are recovered using 3D octree inversion (Haber et al., 2012) . In this inversion, the background 1D model was used as the initial and reference model. Resistivity changes were limited to the heavy oil reservoir (263 m < z < 318 m). An upper bound was used to limit the highest resistivity to 147 Ωm as the steam is expected to decrease the resistivity. The inversion was run in less than 13 hours on 3 cluster nodes with 24 processors and converged in 11 GaussNewton iterations. The result (Figure 5(b) ) is compared to the true model ( Figure 5(a) ). The location and extent of the three chambers are adequately recovered. They appear much smoother than the true model and are not as conductive. However, we can infer that the chambers are growing regularly and no blockages are impacting the flow of steam into the reservoir.
We contrast this scenario with one where a steam chamber is impeded by heterogeneity in the reservoir, causing it to not grow properly ( Figure 5(c) ). The resistivity is calculated in the same manner as before. We use the same survey and noise parameters to forward model and invert the EM data in three dimensions. The background layered resistivity model is used as the initial and reference model. The inversion reached target misfit in 11 iterations and 13 hours using the same processors as in the previous inversion. The recovered model is shown in Figure 5 (d). The inversion shows that the center chamber has impeded growth, indicating the presence of a blockage.
In a final example, Equation 6 is used to generate chambers at a later time, where the chambers are now 50 m in height.
The area of impeded growth in the previous example now has a chamber of 20 m in height. The resistivity for this model is calculated as previously discussed and shown in Figure 5 (e). EM data are forward modeled in 3D using the survey in Figure 4 and Gaussian noise is added to the data. Here, we use cascaded time-lapse inversion (Hayley et al., 2011) , where the initial model is the recovered model from the previous timestep (i.e., the result in Figure 5(d) ). Because the later time-step evolves from the previous one, the previously recovered model provides a good starting model for the inversion. All other parameters are kept consistent with the previous inversions. The recovered model, shown in Figure 5 (f), shows chambers that are more conductive and larger in volume. The area of impeded growth is now slightly filled in as well.
CONCLUSIONS
We have demonstrated, using a synthetic model, how a SAGD steamed reservoir can be imaged using EM. The survey was limited to a single transmitter at the surface with receivers that measure only the z-component of the electric field in standard observation wells. Data were inverted using cascaded timelapse inversion and the results illuminated the location of a growth-impeded zone within the steam chamber and showed increased steam saturation at a later time. Data for the simulated survey can likely be acquired in a day, provided that the electrodes are in place in the observation wells. The inversion is straight-forward and readily carried out. The resultant images can be valuable in locating zones with poor steam penetration and serve as a catalyst for carrying out additional EM surveys that can enhance resolution. Such surveys might involve additional transmitters and/or receivers coupled with inversions that incorporate more a-priori information. We are continuing research on these topics with the goal of delineating cost-effective survey designs and inversions that show how EM may provide an effective and practical addition to current monitoring procedures in the Athabasca oil sands.
